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Ultrafast data transfer between and within microchips via high-speed optical interconnects represents an encouraging way forward for future progress in computer technology [1] . The advantages of implementing photonic devices made of silicon and germanium on integrated circuits have recently attracted much attention due to the possibility to integrate electronic and optical components on the same chip. Germanium is considered a promising material not only for the realization of high-performance photodetectors fully integrated on receiver chips [2] , but also as an efficient on-chip light emitting source [3] .
Emission from Ge, an indirect-band-gap semiconductor, was originally achieved by following a band-gap engineering strategy based on the combination of tensile strain and n-type doping in bulk Ge grown on Si [4, 5] . This successful method led to the realization of light emitting sources [6] [7] [8] and optically pumped lasers [9] operating at 1:55 m. Similarly, direct-band-gap photoluminescence (PL) was obtained from other tensile-strained n-type Ge structures, where the strain was applied to the material using external mechanical methods [10] [11] [12] [13] .
An alternative approach employs highly tensile-strained Ge, where a sufficient amount of strain, calculated to be between 1.7% and 1.9% [14] [15] [16] , pushes the À valley minimum below the L valley minimum. The growth of highly strained Ge requires III-V matrixes. To date, a few high-quality Ge on In x Ga 1Àx As structures have been reported [17] [18] [19] , but without the desired level of strain to obtain direct-band-gap PL from undoped Ge. Although the fabrication of such structures is quite difficult, Huo et al. [20] recently demonstrated the growth of $2:3% tensile-strained Ge layers embedded in In 0:40 Ga 0:60 As, and confirmed their direct-band-gap nature by a strong emission from the intrinsic Ge.
In this work, the optical properties and the calculated band structure of a $2% in-plane biaxial tensile-strained 6 nm Ge quantum well (QW) embedded in two relaxed In 0:30 Ga 0:70 As barrier layers are reported. The schematic of the structure and two cross-section transmission electron microscopy (TEM) images are shown in Fig. 1 . The growth conditions and the material characterization can be found in Ref. [20] .
The theoretical understanding of the band structure is essential to predict the radiative recombination channels of this material. The conduction and the valence band offsets (CBO and VBO) between In 0:30 Ga 0:70 As and Ge were calculated using density functional theory in the local density approximation, employing a similar method to the average potential of Ref. [21] . Unlike [21] , the atomic bonds at the interface were considered explicitly, rather than an interface made up of the average mixture of the bonded atoms. The average potentials were calculated across the interfaces for the two most extreme stoichiometries: The average potential in the Ge and III-V regions, and the resulting band offsets, were calculated as in Ref. [21] . The offsets for intermediate stoichiometries were interpolated between the two extremes. The band gaps and the effect of the quantum confinement were calculated using the GreenCoulomb (GW) approximation [22] and the k Á p method [23] , respectively.
When bulk Ge is grown between two barriers of fully relaxed In 0:30 Ga 0:70 As, its lattice is $2% tensile strained in the plane and relaxed along the growth direction z. This amount of strain changes the minimum of the conduction band from L to À, and splits the light holes (LH) and heavy holes (HH) in the valence band. The LH and HH bands are shifted higher and lower in energy, respectively, and the 2% tensile-strained Ge band gap is 0.32 eV with LH and 0.64 eV with HH. The LH band has a p z orbital character; hence, the photons generated by the recombination between the LH and the electrons in À (e À À) are emitted in the plane of the structure and are likely not detected, since the PL is collected from the top of the sample. In contrast, the radiative recombination between HH and e À À is emitted along z and represents the main component of the emission measured in the experiments [24] .
The (100) planes of atoms in III-V zinc-blende crystals are polar, as alternate planes are ideally formed only by group-III or group-Vatoms. For group-IV diamond crystals the planes contain just one type of atom and are equivalent. At the interface between the two crystals the planes retain their properties, but the stoichiometry changes. For this structure, the two extreme situations are those where the In 0:30 Ga 0:70 As terminates at the Ge interface with a uniform layer containing exclusively either group-III or group-V atoms. Depending on these terminations, due to the difference in electronegativity between the constituent atomic species, dipoles of opposite sign can be created at the GeInGaAs interface. In terms of band structure, the electrostatic potential resulting from the large variation in the interface dipoles produces significant changes in the band offset between the In 0:30 Ga 0:70 As and Ge ( [25] and cited therein). Since this interface can in principle have any stoichiometry, the band structure can assume all the possible configurations between the two aforementioned cases.
The optical transition energies of all possible radiative recombination channels, calculated as a function of the Ge-InGaAs interface stoichiometry [ðIn 0:30 Ga 0:70 Þ y As 1Ày ], are presented in Fig. 2 . For pure Ge-V bonds (y ¼ 0), the confinement occurs only in the conduction band, with the two confined electron states, E0 and E1, 0.23 and 0.53 eV above the Ge conduction band edge, respectively. The band alignment is type-II and the emission is characterized by a ground state (GS) and an excited state (ES) both occurring between the electrons in the Ge QW and the holes in the In 0:30 Ga 0:70 As barriers. The interface band offsets linearly depend on the stoichiometry. When y increases, the CBO decreases, but the Ge band gap remains constant. This lifts the position of the confined electron levels, despite the progressive reduction of electron quantum confinement, resulting in an overall increase of optical transition energies for both GS and ES (blue E0-InGaAs and red E1-InGaAs lines, respectively, in Fig. 2) .
At y ¼ 0:52 the VBO is zero, marking the transition between type-II and type-I band alignment (vertical line in Fig. 2 ). For y greater than 0.52, once the holes become sufficiently confined in the Ge QW, the radiative recombination is type-I and occurs between the lowest electron and hole levels (E0 and H0, respectively). As y further increases, the reduction of electron quantum confinement, together with the rise of H0, causes the progressive decrease of the optical transition energy (green E0-H0 line in Fig. 2 ). At y ¼ 0:60 the Ge potential well in the valence band is deep enough to confine a second hole state (H1), resulting in an additional radiative recombination channel (purple E1-H1 line in Fig. 2 ) occurring between E1 and H1. For values of y higher than 0.77, the potential well in the conduction band becomes too shallow to confine more than one electron state, and the only possible optical transition is the E0-H0 GS. Finally, when the stoichiometry reaches the extreme case of pure Ge-III bonds (y ¼ 1), the GS emission exhibits the lowest energy (0.81 eV) for the type-I alignment.
This theoretical approach considers for simplicity a Ge QW embedded within two In 0:30 Ga 0:70 As layers where both interfaces have identical stoichiometry. However, in the case of mixed interfaces, the holes in the valence band are not confined in the QW since the InGaAs layers form a potential barrier only on one side of the Ge. Therefore the emission has a type-II character and occurs at 0.51 eV, a value well beyond the range of interest for this structure.
It is worth noting that for a 6 nm QW, since the À and L states are confined in finite wells with different potential barriers, the effect of the quantum confinement is not the same in each valley. Moreover, for $2% strain, the electron effective mass in À is $7 times smaller than in L; hence, the energy dispersion of the former valley is much sharper than that of the latter. This results in the confined GS in À lying $90 and $30 meV above the confined GS in L for y ¼ 0 and y ¼ 1, respectively. Despite the fact that the band gap is not strictly direct, the photo-carrier density generated during the optical characterization is sufficient to produce PL, as previously observed in Ref. [24] .
In reality, the Ge-InGaAs interface is not perfectly uniform and flat, but is likely characterized by atomic-height steps which separate terraces terminating with atoms of the same group. It is therefore plausible to have the formation of two different types of domains: group-V-bound Ge and group-III-bound Ge, giving rise to the presence of type-I and type-II optical transitions in spatially distinct areas of the same structure. The optical characterization was performed at 10 K via microphotoluminescence (-PL) and micro-time-resolved PL (-TRPL), as described in Ref. [26] . In both cases the laser was focused using a high numerical aperture objective on a spot of $5 m diameter on the sample surface. This spot size allowed the independent detection of type-I and type-II optical transitions in spatially distinct areas of the sample. However, since the majority of the measurements revealed the simultaneous presence of both emission features in a single spectrum, the average domain size should be smaller than the laser spot. Figure 3 (a) shows power-dependent PL results for the type-II group-V-bound Ge domains. The peak at 1.110 eV corresponds to the In 0:30 Ga 0:70 As band gap, while the two other peaks at lower energies originate from the radiative recombination occurring between the holes in the In 0:30 Ga 0:70 As barriers and either the E0 (0.705 eV) or the E1 (1.040 eV) electron levels in the Ge QW. The low-energy side of the spectrum was multiplied by 150 to account for the low detector sensitivity in this spectral region. Both GS and ES emissions exhibit a strong redshift with decreasing the excitation power, which can be explained in terms of Coulomb interactions between the differently confined carriers [27, 28] . Under high-power excitation, the Coulomb potential modifies the energy bands and lifts the position of the confined electron levels, as schematically depicted in the inset in Fig. 3(a) . Under low-power excitation, the carrier interactions are weak and the Coulomb potential does not significantly affect the energy bands. In these conditions the discrepancy between experiments and theory (evaluated at zero carrier density) is minimal, and from the ES peak measured at the lowest power density the average stoichiometry for these domains is approximately ðIn 0:30 Ga 0:70 Þ 0:2 As 0:8 .
Further analysis can be performed by studying the behavior of the energy shift (ÁE) and the integrated PL intensity (I PL ) of these emission features. Because of low detector sensitivity below 0.75 eV, the range of powers explored is different for each state. The GS and ES total shifts are $25 and $60 meV, respectively. Nevertheless, the two lines in Fig. 3(b) are parallel within experimental errors, indicating comparable peak position changes for a given power variation for both states. Moreover, the linear dependence between the shift and the third root of the excitation power (P) indicates a type-II band alignment for this emission [29, 30] .
Additionally, the exponent m in the formula I PL / P m provides information on the dominant mechanism responsible for the light emission in the material. For exciton recombination m % 1, while for free-carrier recombination m % 2 [31, 32] . The sublinear relation (m < 1) between I PL and P in Fig. 3(c) suggests the presence of a dominant loss mechanism inhibiting the PL, such as the presence of dislocations in the fully relaxed barriers, or may simply suggest reduced emission efficiency caused by the low wavefunction overlap between spatially separated carriers [33] . Moreover, the quadratic dependence between I PL and ÁE, depicted in the inset in Fig. 3(c) , further confirms that these behaviors are due to dipole-dipole interactions occurring between the spatially separated carriers in type-II structures.
TRPL results are presented in Fig. 4 using a streak image. Because of the streak camera photocathode cutoff at 0.83 eV, one can detect only the In 0:30 Ga 0:70 As barrier emission feature and the type-II ES. For the latter, immediately after the laser pulse (t ¼ 0), the emission is blueshifted to 1.060 eV. The radiative recombination then depletes the structure and the emission redshifts toward its zero-carrier position. This change of peak position is accompanied by a simultaneous change of carrier lifetime [34] [35] [36] . At t ¼ 0 the holes in the In 0:30 Ga 0:70 As are strongly attracted by the electrons confined in the Ge QW and the optical matrix element, proportional to the overlap between the constituent wave functions, is maximum. Therefore the associated carrier lifetimes are short. With elapsing time, the carrier density and the wavefunction overlap decrease, the emission energy redshifts and the carrier lifetimes become longer.
Wavelength-dependent emission dynamics are presented in the inset in Fig. 4 , where a comparison of decay traces confirms that the high-energy side of the spectrum exhibits faster dynamics than the low-energy side. Decay times corresponding to the selected energies were extracted by fitting each decay trace with a single exponential function, and range from 0.08 ns at 1.060 eV to 0.94 ns at 0.980 eV. Note that, due to the emission redshift, these fitted decay times are slightly shorter than the true decay times. Nevertheless, they provide a good estimate and the trend of increasing lifetime with decreasing carrier density is still valid. Figure 5 (a) shows power-dependent PL results for the type-I group-III-bound Ge domains. The emission feature observed at 0.835 eV originates from the radiative recombination between the E0 and H0 levels confined in the Ge QW. This peak does not exhibit any significant shift with decreasing power density, which is a straightforward consequence of the minimal effect of the Coulomb interactions on the type-I band alignment. The emission energy measured in the experiments agrees with the calculations if Ge domains characterized by the majority of Ge-InGa bonds (80%-85%) are considered. Moreover, the linear dependence between I PL and P in Fig. 5(b) suggests that the fundamental mechanism of radiative recombination for the group-III-bound Ge domains is exciton and not free-carrier recombination.
Finally, the emission dynamics are presented in Fig. 5(c) . The decay traces for this type-I optical transition are energy independent. The decay times are obtained by fitting the decay traces with a single exponential function. The average value is 0.42 ns with a standard deviation comparable with the temporal resolution of the experiment (20 ps) . This is consistent with the carrier lifetimes of conventional III-V type-I QWs [37] , indicating good optical properties of the structure under investigation.
In conclusion, we have studied the optical properties of a direct-band-gap $2% tensile-strained Ge QW embedded in relaxed In 0:30 Ga 0:70 As layers. The optical characterization revealed the presence of type-I and type-II optical transitions in spatially distinct areas of the same structure. Calculations showed that the band structure changes with the Ge-InGaAs interface stoichiometry, ranging from a type-II alignment for pure Ge-As bonds to a type-I alignment for the opposite situation. In both cases, the theoretical optical transition energies agree with experiments, suggesting the formation of Ge domains with submicron dimensions where the stoichiometry is either predominantly group-V bound or predominantly group-III bound. Moreover, the optical characterization did not reveal emission energies associated with intermediate stoichiometries, which may indicate that such Ge-InGaAs interfaces are not highly probable or chemically stable. The band structure of Ge embedded in III-V alloys can thus be tailored by controlling the termination of the barrier layers at the interface with the Ge ( [38] and cited therein), leading to the realization of either type-I optical devices (emitters, modulators, amplifiers) or type-II high-performance tunneling field-effect transistors [39] . A significant advantage of this system is the possibility of designing structures where distinct areas have either type-I or type-II band alignment, offering the potential to achieve integrated circuits with complex optical and electronic functionalities coexisting on the same wafer. 
